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Globoid cell leukodystrophy (GLD) is an inherited lysosomal storage disease caused by p-galactocerebrosidase 
(GALC) deficiency. Gene therapy (GT) should provide rapid, extensive and lifetime GALC supply in central ner- 
vous system (CNS) tissues to prevent or halt irreversible neurologic progression. Here we used a lentiviral vector 
(LV) to transfer a functional GALC gene in the brain of Twitcher mice, a severe GLD model. A single injection of 
LV.GALC in the external capsule of Twitcher neonates resulted in robust transduction of neural cells with min- 
imal and transient activation of inflammatory and immune response. Importantly, we documented a proficient 
transduction of proliferating and post-mitotic oligodendroglia, a relevant target cell type in GLD. GALC activity 
(30-50% of physiological levels) was restored in the whole CNS of treated mice as early as 8 days post-injection. 
The early and stable enzymatic supply ensured partial clearance of storage and reduction of psychosine levels, 
translating in amelioration of histopathology and enhanced lifespan. At 6 months post-injection in non-affected 
mice, LV genome persisted exclusively in the injected region, where transduced cells overexpressed GALC. 
Integration site analysis in transduced brain tissues showed no aberrant clonal expansion and preferential tar- 
geting of neural-specific genes. This study establishes neonatal LV-mediated intracerebral GT as a rapid, effect- 
ive and safe therapeutic intervention to correct CNS pathology in GLD and provides a strong rationale for its 
application in this and similar leukodystrophies, alone or in combination with therapies targeting the somatic 
pathology, with the final aim of providing an effective and timely treatment of these global disorders. 



INTRODUCTION 

Globoid cell leukodystrophy (GLD), or Krabbe disease, is an 
autosomal recessive lysosomal storage disease (LSD) caused 
by mutations in the galactocerebrosidase (GALC) gene 
leading to deficiency of the enzyme (3-galactocerebrosidase, a 
key enzyme in the catabolism of myelin-enriched sphingolipids. 
The consequent buildup of undegraded substrates results in 
widespread demyelination and neurodegeneration of the 
central and peripheral nervous system (CNS and PNS) (1,2). 



In particular, the lysolipid galactosylsphingosine (psychosine) 
accumulates at high levels in the CNS of GLD patients when 
compared with healthy individuals (3) and is considered a 
major player in the pathogenic cascade (4). Clinically, the 
disease manifests early in infancy and results in a severe neuro- 
logical dysfunction that often leads to death by 2 years of age (5). 
At present, the only clinical treatment for GLD is hematopoietic 
cell transplantation (HCT). It is beneficial if performed before 
the onset of symptoms, but its efficacy in correcting the severe 
neurological disease is variable (6,7). One of the possible 
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reasons underlying the unsatisfactory CNS treatment following 
conventional HCT, particularly in the rapidly progressive infant- 
ile forms, is that the time required to obtain extensive CNS 
microglia reconstitution from donor-derived myeloid progeni- 
tors hampers the possibility to provide therapeutically relevant 
levels of enzyme in the time window of postnatal CNS develop- 
ment during which disease progression is faster. Indeed, studies 
performed in animal models (8,9) and in GLD-affected children 
(10) have documented a disease-driven enhancement of neuron- 
al and oligodendroglial toxicity in the early postnatal CNS. Thus, 
early therapeutic intervention is crucial to prevent or halt the ir- 
reversible neurologic progression and should provide a life-long 
supply of therapeutically relevant enzyme levels. 

Gene therapy (GT) approaches based on intracerebral injec- 
tion of viral vectors coding for the missing enzymes aim to 
stably transduce neural cells that would thus become a perman- 
ent source of functional proteins (11). Importantly, gene transfer 
can grant supraphysiological levels and increased secretion of 
lysosomal enzymes from transduced cells, leading to enhanced 
enzyme availability through diffusion, cerebrospinal fluid 
(CSF) flow and axonal transport (12,13). Of note, re-uptake of 
functional lysosomal enzymes by endogenous enzyme-deficient 
cells (cross-correction) enhances metabolic improvement, thus 
reducing the need of widespread vector delivery. 

Several pre-clinical studies have shown GALC expression and 
variable clinical-pathological amelioration in the Twitcher (Twi) 
mouse (a GALC mutant that recapitulates the severe form of 
GLD) upon hematopoietic (14), neural (15) and mesenchymal 
(16) stem cell transplant, intracerebral GT using adeno-associated 
vectors (AAV) (17,18) and lentiviral vectors (LV) (19), or com- 
bination of therapies (20-24). Gene therapy studies highlighted 
that vector distribution and persistence of transgene expression 
upon intracerebral delivery largely depend upon the vector 
tropism and dose, the number of injections and the targeted 
regions. A proper combination of these factors improves thera- 
peutic benefit while reducing unwanted complications. In this 
view, our group and others have shown that targeting highly inter- 
connected brain regions facilitates vector and transgene disper- 
sion from one or few injection sites, thus lowering vector load 
and reducing acute toxicity (12,19). 

Immune responses decreasing the efficacy of the strategy and 
risks related to insertional mutagenesis are major hurdles asso- 
ciated with intracerebral GT using AAV and LV, respectively 
(25,26). Despite the immunoprivileged status of the nervous 
tissue, vector and/or transgene-driven immune responses have 
been documented in animal models treated with multiple intracer- 
ebral injections of AAV (27,28) and in clinical studies applying 
the same approach in patients affected by genetic neurodegenera- 
tive diseases (29,30). Owing to lack of preexisting immunity, LV 
do not trigger significant immune response after delivery into the 
nervous system, thus ensuring stable expression of therapeutic 
proteins (31,32). Thus far, clinical application of LV to treat in- 
fantile forms of leukodystrophies has been restricted to ex vivo 
hematopoietic stem cell (HSC) GT approaches, with documented 
therapeutic benefit (33,34). Importantly, results from these clinic- 
al trials have confirmed pre-clinical data obtained in animal 
models, indicating low oncogenic potential of new generation 
L V in HSC, regardless of the sustained gene marking that is neces- 
sary to ensure therapeutic levels of transgene expression (35). In 
contrast to the large body of data available for HSC, only one 



study reports the LV integration profile in adult rodent brain 
cells following in vivo transduction (3 6). To our knowledge, no in- 
formation is available in the context of neonatal/early postnatal 
brain transduction, a relevant setting in view of clinical use of 
LV-mediated intracerebral GT for neurodegenerative infantile 
disorders. 

In this study, we evaluated whether a single-injection, 
LV-mediated neonatal intracerebral gene delivery of GALC 
could provide rapid and long-term benefit in Twi mice, specifical- 
ly addressing the issues of vector genome and transgene expres- 
sion persistence, immunotoxicity and insertional mutagenesis. 
Upon LV.GALC inj ection in the white matter tracts of the external 
capsule (EC), we documented rapid and sustained transduction of 
neurons, astrocytes and oligodendrocytes as well as stable produc- 
tion and widespread diffusion of GALC in CNS tissues. The pro- 
cedure led to minimal and transient activation of inflammatory 
and immune responses. The early enzymatic supply provided by 
neonatal GT ensured partial clearance of storage and moderate re- 
duction of psychosine levels. This translated in amelioration of 
histopathology and enhanced lifespan. We also demonstrated 
the applicability and safety of this approach in metachromatic leu- 
kodystrophy (MLD) mice. Indeed, long-term studies in wild-type 
( WT) (unaffected) and in MLD mice revealed stable and sustained 
LV-mediated transgene expression and enzymatic activity. 
Finally, integration site analyses on brain tissues of LV-injected 
animals revealed undetectable genotoxiciry. 

Our data provide a strong rationale for the application of 
LV-mediated neonatal intracerebral GT to treat CNS pathology 
in GLD and similar leukodystrophies. 

RESULTS 

LV transduce neurons, astrocytes and oligodendrocytes 
in the neonatal brain 

In order to evaluate the efficiency of transduction and the post- 
injection kinetics of transgene expression, we injected a bidirec- 
tional LV expressing GFP and ANGFR (control vector, 
bdL V.CTRL; 2 x 10 6 TU/1.5 p,l) (19) unilaterally in the EC of 
postnatal day 2 (PND2) WT and Twi mice. By indirect immuno- 
fluorescence (IF) analysis using an anti-GFP antibody, we quanti- 
fied (i) the percentage of GFP + cells (based on GFP expression in 
cells with defined nuclei) on serial coronal brain sections compris- 
ing the injection site and (ii) the GFP + enclosed volume in the 
injected hemisphere at different time post-injection (PND10, 
PND21 and PND40). Results indicated considerable numbers of 
GFP + cells (up to 20% of total cells counted, based on nuclear 
staining, preferentially located in the EC, striatum and cortex; 
Fig. 1A and B) and sizeable GFP + enclosed volume (up to 2% 
of the total hemisphere volume; Fig. 1C and D) in the injected 
hemisphere at PND 10, indicating rapid and efficient LV-mediated 
transduction of neonatal brain cells. We observed a 40-50% de- 
crease of GFP immunoreactivity between PND 10 and PND21 
(Fig. IB and D). The parallel decrease of LV genome (detected 
by qPCR; Fig. IE) suggested that cell loss rather than silencing 
of transgene expression was the mechanism underlying the de- 
crease of GFP expression. 

We then assessed which cell types are preferentially targeted 
by LV upon neonatal injection in the EC by characterizing (i) the 
cell type composition at the injection site of untreated PND2 WT 



3252 Human Molecular Genetics, 2014, Vol. 23, No. 12 



PND10 



PND21 



PND40 



B 



EC 
flfe CTX 

u 

STR 

zt > 


EC CTX 

:v 

STR \ 

• 


■V : - 

STR 









_ 25 
9 20 

C 

1 15 

I 10 

Q- 5 
u_ 

o 

0 



PND10 PND21 PND40 



PND10 



PND21 



PND40 



~ 25 

il 20 

id a) 

O Q_ I -0 

"O (A 

» & 1.0 

fej 0.5 
0.0 



0 



PND10 PND21 PND40 



0 1 



O 001 



0.001 



T 



PND10 PND21 PND40 



PND2 



H 



— 50 
o 

1 40^ 



30 
20 
10 



□ WT 

□ Twi 



I 



i 



20 



§ 15 
c 

•s 

r io- 



^-.hs nn 



GFAP NeuN APC CD68 Iba1 



6 °1 □ PND10 
■ PND40 



8 f 
S> 8 40 " 

£ 



I 



X 




NeuN GFAP 



APC 



PND2 PND10 PND21 



4 % fe* 



GFP NeuN nuclei 



V ■ . * " 

y v -v . 


. * . v 9 


APC Ki67 


APC nuclei 




. Jrf*, A!* 4" 



GFP GFAP nuclei 



GFP APC nuclei 



Figure 1. Transgene expression following neonatal bdLV.CTRL inj ection. Mice were injected at PND2 and analyzed at PND 1 0, PND2 1 and PND40. Untreated PND2 
mice were used as controls. Representative confocal pictures (A: EC, external capsule; CTX, cortex; STR, striatum) and quantification (B) of GFP + cells. Represen- 
tative 3D reconstruction (C) and quantification (D) of GFP + volume (green). Gray, forebrain; light-blue, lateral ventricles. (E) Vector copy number (VCN) in the 
injected hemisphere. Scale bar in A, 300 |xm. Data in B, D and E are represented in Box and whiskers plot (min to max), n = 4-5 mice/group, 3-5 slices/mouse. 
(F) Cell type composition assessed in EC of PND2 WT (n = 4) and Twi mice (n = 3). NeuN, neurons; GFAP, astrocytes; APC, oligodendrocytes; CD68 and 
Ibal, macrophages and microglia. (G) Quantification of Ki67 + cells in the EC of PND2, PND 10 and PND21 mice (« = 6 mice/group). (H) Representative confocal 
pictures showing APC + cells (red) expressing the proliferation marker Ki67 (green, arrows) in the EC of PND2 mice. Nuclei counterstained with ToPro (blue). Scale 
bar, 60 (Jim. (I, J) Quantification and representative merged confocal pictures showing the cell type composition of the transduced cell population in the EC of mice 
analyzed at PND 10 and PND40 (« = 3 mice/group). Transduced cells are identified by GFP expression; lineage markers in red (NeuN, neurons; GFAP, astrocytes; 
APC, oligodendrocytes), nuclei counterstained with DAPI (blue). Arrows point to double-labeled cells. Scale bar, 30 (jliti. In all graphs, data are expressed as mean + 
SEM; Kruskall-Wallis test and Dunn's multiple comparison test. *P < 0.05, ** P < 0.01, ***P < 0.001. 
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and Twi mice and (ii) the cell type composition within the GFP + 
cell population of bdLV.CTRL-treated mice at PND10 and 
PND40. In the PND2 EC region, ~3% of total cell counted 
(based on nuclear staining) were GFAP + astrocytes, 30% were 
NeuN + neurons, 8% were APC + oligodendrocytes and <2% 
were CD68 + and Iba 1 + macrophages/microglia, with no signifi- 
cant differences related to genotype (Fig. IF). In line with the 
presence of proliferative activity in the neonatal murine CNS, 
we found that ~15% of total cell counted (based on nuclear 
staining) in the PND2 EC (Twi and WT) expressed the prolifer- 
ation marker Ki67. This percentage significantly decreased with 
age, being ~3 and 1% at PND10 and PND21, respectively 
(Fig. 1G). While neurogenesis is restricted to specific niches in 
the postnatal CNS (37), glial progenitor cells with mitotic com- 
petence, which give rise to astroglia and myelin-producing oli- 
godendrocytes, are widely dispersed throughout the brain, 
pervading both white and gray matter (38). Of note, 12.4 + 
1.5% (mean+SEM, n = 3 WT mice) and 12.2 + 4.2% 
(mean + SEM, n = 3 Twi mice) of the APC + oligodendroglial 
cells counted in the PND2 EC displayed Ki67 immunoreactivity 
(Fig. 1H), likely representing proliferating white matter oligo- 
dendroglial progenitors that could be proficiently transduced 
by LV. Indeed, analysis of the cell type composition within the 
GFP+ cell population in bdLV.CTRL-injected mice at PND10 
and PND40 indicated robust transgene expression not only in 
neurons and astrocytes but also in oligodendrocytes (~30% of 
total GFP + cells counted; Fig. II and J), a cell type that was 
less frequently transduced following injection in the adult EC 
(19). The low percentage of macrophages/microglia (CD68, 
Ibal) expressing GFP (<5% of the total GFP + cells counted; 
not shown) suggested either occasional LV-mediated transduc- 
tion of these cell types (which are present in low proportions in 
the injected area of PND2 mice; Fig. IF) or residual GFP expres- 
sion following phagocytosis of GFP-positive cell debris. 

Transduced cells undergo physiologic turnover 

Cell proliferation and apoptosis contribute to physiological 
tissue remodeling during early postnatal CNS development 
and might contribute to the turnover of transduced cells follow- 
ing neonatal LV injection. In the EC of PND2 mice, we found 
~0.3% of total cells counted (based on nuclear staining) expres- 
sing cleaved-caspase 3 (Casp3), a marker of apoptosis (Fig. 2A). 
This percentage moderately and transiently increased at PND10 
and PND2 1 in bdL V.CTRL-inj ected mice with respect to contra- 
lateral EC (Fig. 2A and B). Interestingly, 4.6 ± 2.1% of the total 
Casp3 + cells and 4.5 + 1.2% of the Ki67 + cells in the injected 
EC expressed GFP at PND10 (mean ± SEM; n = 5 mice, 3 
slices/mouse; a total of 227 Casp3 + , 514 Ki67 + cells and 1323 
GFP + cells were counted; Fig. 2B and C). These results strongly 
suggested that LV-transduced cells undergo proliferation and 
apoptosis associated with physiological postnatal brain develop- 
ment. We never observed hyperproliferation of transduced cells 
(based on histological analysis and Ki67 expression) or forma- 
tion of tumor masses in mice analyzed at PND40 and at 6 
months post-injection. 

The transient increase (peaking between PND 1 0 and PND2 1 ) 
of apoptotic cells and of macrophages/microglia that often sur- 
round and enwrap GFP + cells in or close to the injection site 
(Fig. 2D-F) was likely an acute reaction to the injection 



procedure (it was not observed in the contralateral hemisphere), 
being completely normalized at PND40 (Fig. 2A and D). The 
minimal toxicity of the procedure was also confirmed by the 
absence of neuronal death, as indicated by the comparable size 
of the NeuN + cell population in the injected and in the contralat- 
eral hemispheres (Fig. 2G), with negligible percentages of apop- 
totic NeuN + cells (< 1% of the total cells counted; not shown). 

A variable (from animal to animal) but overall moderate and 
transient infiltration of CD3 + lymphocytes was observed at 
PND 10 and PND21 close to the injection site in both Twi and 
WT mice (Fig. 2H), suggesting a potential contribution of the 
adaptive immunity in the clearance of GFP + cells, possibly 
related to the occasional leakage of LV particles to the periphery 
as a result of the injection procedure. However, anti-GFP anti- 
bodies were detected only in one of nine bdLV.CTRL-injected 
mice analyzed at PND2 1 and PND40 (Fig. 21). Also, when we 
injected bdLV.CTRL in neonatal NOD/SCID mice, which 
have a severe combined immunodeficiency affecting T- and 
B-lymphocyte development, we still observed a consistent 
~30% decrease in the percentage of GFP + cells within the 
first 3 weeks of age (6.2 + 0.9, 4.4 ± 0.3 and 4.2 + 0.8% of 
GFP + cells at PND 10, PND21 and PND40, respectively; 
mean + SEM, n = 3 -4 mice/group; Fig. 2J). Overall these 
results suggested minimal immune response against GFP- 
expressing cells. 

Injection of bdLV.GALC in the neonatal EC allows fast, 
widespread and stable restoration of enzymatic activity 

We next injected abdLV expressing GFP and GALC-HA (thera- 
peutic vector, bdLV.GALC; 2 x 10 6 TU/1.5 |xl) ( 1 9) unilateral- 
ly in the EC of PND2 Twi mice and assessed GALC expression 
and activity in CNS tissues at PND 10, PND21 and PND40. 
Untreated (UT) or bdLV.CTRL-injected littermates served as 
controls. By RT-PCR (Fig. 3A) and confocal IF analysis 
(Fig. 3B and C), we detected the expression of GALC-HA at 
the injection site of bdLV.GALC-treated Twi mice. GALC or 
HA expression was undetectable by IF in bdLV.CTRL-treated 
Twi mice and barely detectable in UT and bdLV.CTRL-treated 
WT mice (not shown), further confirming overexpression of this 
lysosomal enzyme in transduced (GFP + ) cells (Fig. 3B). The 
transgenic GALC-HA protein was present in lysosomes, as 
demonstrated by co-localization with LAMP-1 (Fig. 3C). 
Importantly, we found a sizeable population of putative cross- 
corrected cells (GALC + GFP~) close to GALC-overexpressing 
transduced cells (Fig. 3B). 

A small number of GFP + -transduced cells and abundant 
GFP + fibers were detected rostrally and caudally to the injection 
site (ipsilaterally), typically in the hippocampal region and in 
posterior white matter tracts (Fig. 3D). GFP + fibers were also 
detected in the contralateral hemisphere (not shown), confirming 
axonal GFP transport (19). In line with this result, diffused 
GALC expression was shown by IHC in CNS regions of 
bdLV.GALC-injected mice that are devoid of transduced cells 
(Fig. 3E; cortex), suggesting widespread enzyme transport. 
Accordingly, GALC-specific activity was measured not only 
in the telencephalon (Tel; inj ected and contralateral hemisphere) 
but also in the cerebellum (Cb) and spinal cord (SC) of 
bdLV.GALC-treated Twi mice (~40% of physiological 
levels), as early as PND 10, with no significant time-dependent 
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Figure 2. Turnover of transduced cells in the injected area. Mice were injected with bdLV.CTRL at PND2 and analyzed at PND10, PND2 1 and PND40. (A) Apoptotic 
cells (Casp3 + ) in the injected and in the contralateral (contra), non-injected hemisphere (n = 2-5 mice/group). Untreated (UT) PND2 mice were used as controls. 
(B) Representative confocal merged pictures of GFP + (green) and Casp3 + (red) cells in the injected site at PND10. Arrow identifies a double-labeled cell; single 
channels are shown in insets. Scale bar, 100 (Jim. (C) Confocal merged picture (single channels shown in insets) taken at PND10 showing a GFP + cell expressing 
Ki67 (arrow) in the EC of LV-injected mouse. Scale bar, 100 jjim. (D) Quantification of CD68 + cells in the injected and in the contralateral hemisphere (n = 3 
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differences (Fig. 3F). Importantly, enzyme activity at 50% of 
physiological levels was detected in the CSF of bdLV.GALC- 
treated Twi mice (Fig. 3G; PND40), indicating stable enzyme se- 
cretion from transduced cells. We did not find anti-FIA antibodies 
in the serum of bdLV.GALC-injected mice analyzed at PND40 
(not shown). Whereas LV genome was consistently present at 
higher levels in the injected region, detectable vector copy 
number ( VCN) was found in the contralateral hemisphere and oc- 
casionally in the Cb and SC (Fig. 3H), suggesting sporadic spread- 
ing of LV particles upon neonatal injection, possibly through 
diffusion and/or transport along white matter tracts. 



Reduction of toxic storage, amelioration of pathology 
and prolonged lifespan in bdLV.GALC-treated Twi mice 

In order to evaluate whether the enzymatic supply provided to 
CNS tissues by LV-mediated neonatal GT reduced storage and 
ameliorated histopathology, we performed lectin histochemistry 
(39) and IHC using antibodies against GFAP (astroglia), Iba-1 
and CD68 (microglia and macrophages) on matched brain sec- 
tions derived from bdLV.CTRL- and bdLV.GALC-treated Twi 
mice as well as from UT WT littermates. Quantification of 
lectin-immunopositive regions in the Tel, Cb and SC indicated a 
significant increase of galactolipid storage inbdLV.CTRL-treated 
Twi mice when compared with WT littermates (Fig. 4A). In agree- 
ment with our previous studies (9), lectin" 1 " cells were mainly loca- 
lized in the white matter and were present early postnatally 
(Fig. 4A; PND10), progressively increasing with age (Fig. 4A; 
PND40). Of note, storage was significantly decreased in some 
of the CNS regions examined in bdLV.GALC-treated Twi mice 
at PND10 and PND40, suggesting rapid and persistent clearance 
operated by the transgenic GALC enzyme. The moderate but con- 
sistent reduction of CD68 and Iba 1 immunoreactivity (Fig. 4B and 
C) in the Tel and Cb of bdLV.GALC-treated Twi mice with 
respect to bdLV.CTRL-treated littermates further indicated clear- 
ance of tissue storage and/or reduced recruitment/activation of 
macrophage-derived globoid cells and microglia. The availability 
of functional enzyme was likely responsible for the reduction of 
astrogliosis in CNS tissues of bdLV.GALC-treated Twi mice 
(Fig. 4D), either through clearance of storage in astrocytes or in- 
directly, through the reduction of the pro-inflammatory environ- 
ment sustained by activated macrophages and microglia. 
Psychosine accumulates in the brain of Twi mice starting from 
the early postnatal days, and its levels progressively increase 
over time, peaking at the late stages of disease progression (9). 
We found a rostral to caudal increase in the levels of psychosine 
in the CNS of UT Twi mice at PND40 (up to 200- to 300-fold 
the physiological levels) (Fig. 5). These levels were reduced by 
25-40% in bdLV.GALC-treated Twi littermates (Fig. 5), 



indicating the activity of the transgenic GALC in the removal of 
this toxic lysolipid metabolite. The minor amelioration observed 
in the SC of treated mice when considering any of the parameters 
studied is likely reflecting the higher degree of tissue damage that 
characterizes this region when compared with the Cb and Tel, in 
agreement with the caudal-to-rostral onset and progression of 
the disease in this GLD mouse model (40). 

Of note, the modest amelioration of histopathology and the 
partial reduction of psychosine accumulation consequent to en- 
zymatic correction resulted in functional benefit. Indeed, 
bdLV.GALC-treated Twi mice showed delayed onset of symp- 
toms and moderate but significant increase of lifespan (median 
survival, 49.5 days) when compared with both UT (median sur- 
vival, 39 days) and bdLV.CTRL-treated littermates (median sur- 
vival, 41 days; Fig. 6A and B). 



Long-term transgene expression in CNS tissues 
of LV-injected mice 

We next assessed whether LV-mediated neonatal GT may 
provide stable transduction and long-term transgene expression 
coupled to a safe profile of LV distribution. As the survival of 
bdLV.GALC-injected Twi mice (maximum 60 days; see 
Fig. 6) hampers to assess long-term expression of the enzyme, 
for these experiments we took advantage of WT littermates 
and of MLD mice, the latter having a normal lifespan despite un- 
detectable activity of the lysosomal enzyme Arylsulphatase A 
(ARSA) (19). Our previous work demonstrated comparable 
protein distribution and metabolic correction after EC injection 
of bdLV.GALC and bdLVARSA in Twi and MLD mice, re- 
spectively (19), providing a rationale for performing long-term 
GT studies in this relevant disease model. 

We first injected bdLV.CTRL and bdLV.GALC in the EC of 
PND2 and PND21 WT mice and analyzed the animals at 6 
months of age, in order to compare the long-term outcome of 
neonatal versus adult injection. Integrated LV genome was mea- 
sured in the injected hemisphere of all bdLV-injected mice 
(Fig. 7A). The lower VCN measured in PND2- injected as com- 
pared with PND2 1 -injected mice likely reflects the partial clear- 
ance of transduced cells owing to postnatal brain tissue 
remodeling. The numerous GFP + GALC + cells found in the 
EC of bdLV.GALC-injected mice (Fig. 7B) and the presence 
of GFP"GALC + cells (Fig. 7C) indicated that the transgenic 
enzyme was stably produced at supraphysiological levels by 
transduced cells, secreted and recaptured by surroundings 
cells, thus ensuring cross-correction. 

We next injected bdLVARSA in the EC of PND2 and 
6-monfh-old MLD mice, analyzing animals at 6 months post- 
injection. We found integrated LV genome in the injected 



the posterior white matter ( WM) tracts (boxed regions in the low magnification schematic coronal section) in PD40 mice following neonatal inj ection of bdLV.GALC. 
Scale bar, 150 |xm. (E) Immunohistochemistry using an anti-GALC antibody shows the diffused presence of the GALC protein (brown) in cortical regions of WT 
and bdLV.GALC-treated Twi mice (PND40). Tissues of bdLV.CTRL-injected Twi littermates were used as negative control. Scale bar, 100 (Jim. (F) GALC activity 
measured at PND 1 0, PND2 1 and PND40 in CNS tissues of WT and Twi mice injected with bdLV.CTRL and bdLV.GALC . n = 3- 1 0 mice/group. (G) GALC activity 
in the cerebrospinal fluid (CSF) of UT or bdLV.CTRL-injected WT mice, bdLV.CTRL- and bdLV.GALC-injected Twi mice (n = 6- 14 mice/group). Data in F and G 
are expressed as mean + SEM. One-way analysis of variance and Bonferroni's multiple comparison tests. In F, for each age, bdLV.GALC samples are significantly 
different (P < 0.05) from both WT UT/bdL V.CTRL and Twi bdLV.CTRL samples (not indicated). In G, **P < 0.0 1 and ***P < 0.001 . (H) VCN in CNS tissues of 
mice injected with bdLV.CTRL or bdLV.GALC (n = 4-8 mice/group). Values of < 10 3 (dotted line; corresponding to Ct < 36) are considered undetectable. Data 
are expressed as mean + SEM. One-way analysis of variance and Bonferroni's multiple comparison tests (P = 0.5644). Tel, telencephalon; Cb, cerebellum; SC, 
spinal cord. Inj, injected hemisphere; contra, contralateral non-injected hemisphere. 
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Figure 4. Neonatal bdLV.GALC injection reduces galactolipid storage and ameliorates pathology. (A-D) Representative pictures from different CNS regions (fore- 
brain, cerebellum and spinal cord) and quantitative analysis of lectins (A; Cb, PND10 and PND40), CD68 (B; forebrain, PND40), Iba-1 (C; forebrain, PND40) and 
GFAP (D; spinal cord, PND40) from UT WT mice and from bdLV.CTRL- and bdLV.GALC-injected Twi littermates. Scale bars, 500 u,m. Data are expressed as 
mean + SEM. n = 3-4 mice/group, 3 slices/brain region. Two-way analysis of variance followed by Bonferroni's multiple comparison tests. § P < 0.05 versus 
WT; *P < 0.05, **P < 0.01 versus Twi bdLV.CTRL. 



hemisphere (Fig. 7D) and physiological levels of ARSA activity 
in the whole CNS of bdLV.ARSA-injected mice (Fig. 7E). Al- 
together our results provide proof-of-concept that a single 



injection of a therapeutic LV in the neonatal or adult EC 
ensures fast, stable and widespread enzymatic correction of 
CNS tissues in enzyme-deficient mice. 
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Figure 5. Neonatal bdLV.GALC injection reduces psychosine accumulation. 
Psychosine levels are significantly increased in the Tel, Cb and SC of UT Twi 
mice as compared with WT littermates at PND40. Neonatal injection of 
bdLV.GALC in Twi mice reduces psychosine accumulation by 25-40% in the 
CNS regions analyzed at PND40. n= 3- 10 mice/group; data expressed as 
mean + SEM. One-way ANOVA with Dunnet multiple comparison test; 
§ P < 0.001 versus UT Twi; *P < 0.05, **P < 0.01. 

In the long-term evaluation of vector and transgene expres- 
sion/activity, we examined a total of 50 LV-injected mice. In 
none of them we found evidence of brain tumor masses (by 
gross morphological evaluation at necropsy; n = 44) or abnor- 
mal cell proliferation (n = 6 brains examined by histology and 
by IHC for Ki67 expression). 

Finally, we checked for the presence of LV genome in liver, 
spleen and gonads of WT and MLD mice injected at PND2 or at 
PND21 and analyzed at 6 months of age. VCN values in these 
organs were in the background range measured in tissues from 
UT mice (Fig. 7F), with a possible trend for higher values in the 
PND2-injected group. These results suggested none to occasional 
leakage of L V particles outside CNS tissue through the circulation 
following neonatal injection, possibly as a consequence of the ele- 
vation of CSF pressure owing to the injection procedure and/or to 
unpredictable targeting of blood vessels. The p24 antigen (the 
viral capsid protein) was undetectable in sera of bdLV-treated 
mice, regardless of the mouse genotype, the age at injection, the 
vector and the time post-injection (Fig. 7G), thus excluding the 
presence of LV particles in the circulation. 
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Figure 6. Neonatal gene therapy delays the onset of symptoms and prolongs sur- 
vival of Twi mice. Average survival (A; mean + SEM) and Kaplan-Meier sur- 
vival curve (B) of bdLV.GALC-treated (n = 16), untreated (UT) (n = 37) and 
bdLV.CTRL-treated (n = 14)Twimice. One-way ANOVA with Dunnet's mul- 
tiple comparison test, ***P < 0.001 (A) Log-rank (Mantel-Cox) test (B), P = 
0.93 (Twi UT versus Twi bdLV.CTRL) and P < 0.0001 (Twi UT versus Twi 
bdLV.GALC and Twi bdLV.CTRL versus Twi bdLV.GALC). 



Profile of LV integration in CNS tissues 

In order to assess a potential genotoxic effect of LV-mediated 
GT, we characterized the genomic integration profile of the 
LV constructs used in this study in brain tissues of mice injected 
at PND2 or at PND21 and analyzed at PND40 (Table 1). We 
amplified the vector genomic junctions by linear amplification- 
mediated (LAM)-PCR (41). The LAM-PCR products sequenced 
by 454-pyrosequencing were mapped on the mouse genome 
(mm9) using a dedicated bioinformatics pipeline. Overall, we 
univocally mapped 4,161 (PND2 injection) and 16,549 
(PND21 injection) integration sites. After filtering for redun- 
dancy, the remaining unique integration sites were 178 (4%) 
and 962 (6%) from mice injected at PND2 and PND2 1 , respect- 
ively (Table 1). The distribution of the LAM-PCR bands 



(Supplementary Material, Fig. SI) as well as the proportion of 
sequencing reads representing each integration site within 
each data sets (a surrogate readout for the relative abundance 
of vector-marked cell clones in brain tissues of LV-injected 
mice; Fig. 8A and Supplementary Material, Table SI) showed 
a pattern of polyclonal marking in the PND21 -injected mice 
and a trend toward oligoclonality in the PND2-injected mice. 
Common insertion sites (CIS) are integration hotspots that 
may represent an early readout of insertional mutagenesis or 
an intrinsic bias of the vector of interest. By means of a specific 
analysis (42), we identified a single CIS in a 56-Kb region 
encompassing the gale gene that was targeted by 1 7 integrations, 
exclusively in exons and only in bdLV.GALC-injected mice. In 
agreement with a previous report on LV-injected adult brain 
tissues (36), we found that ~60% of LV integrations mapped 
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Figure 7. Persistence of viral genome andtransgene expression in CNS tissues of bdL V-inj ected mice. (A) VCN in the injected hemisphere of 6-month-old WT mice 
inj ected with bdLV.CTRL or bdLV.GALC at PND2 and PND2 1 . Student's Mest, *P < 0.05. (B, C) Representative confocal picture showing transduced cells (GFP + 
GALC + , arrows) and cross-corrected cells (GFP GALC + , arrowheads) at the injection site 6 months post-injection. Green, GFP; red GALC. Scale bars, 30 (B) 
and 20 jjim (C). (D) Detectable VCN ( > 10~ 3 ) measured 6 months post-injection in the telencephalon (Tel) of MLD mice injected with bdLV.ARSA at PND2 or at 6 
months. Data are expressed as mean + SEM. Student's Mest, *P < 0.05. (E) ARSA activity measured 6 months post-injection in CNS tissues (Tel, telencephalon; Cb/ 
SC, cerebellum/spinal cord) of MLD mice, either untreated (UT) or injected with bdLV.ARSA at PND2 and at 6 months of age. 12-month-old UT WT littermates 
served as controls. Data are expressed as mean + SEM. n = 3-9 mice/group. Two-way analysis of variance followed by Bonferroni's multiple comparison tests 
posttest. WT versus LV-inj ected MLD, P > 0.05. (F) VCN measured in the brain and peripheral organs of WT mice injected at PND2 andPND21 with bdLV.CTRL 
or bdLV.GALC. The liver of UT mice was used as negative control. Values of < 10 3 (dotted line; corresponding to Ct > 36) are considered undetectable. (G) 
The p24 LV capsid protein is undetectable in the serum of bdLV-injected mice, regardless of the age at injection, the age at euthanasia and the vector used. 



within genes (Fig. 8B). Also, Gene Ontology analysis showed 
preferential targeting of genes related to neural/neuronal func- 
tion, irrespectively of the vector used or of the age at injection 
(Supplementary Material, Table S2). 

DISCUSSION 

This study shows the efficacy of a single intracerebral injection 
of LV. GALC in a highly interconnected white matter region of 



GALC-deficient neonates in achieving fast, widespread and 
stable reconstitution of enzymatic activity. This translates into 
partial but relevant removal of toxic storage that leads to ameli- 
oration of pathology and enhanced survival. Also, our results 
upon short- and long-term observation of LV-injected Twi and 
MLD mice, respectively, strongly suggest that the LV-mediated 
neonatal GT tested here is not only effective in terms of robust 
transgene persistence but it is also well tolerated, leading to 
minimal and transient activation of inflammatory and immune 
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Table 1. Genomic integration profile of LV constructs in brain tissues 



Vector 


Number of mice (VCN in 
injected tissues) 


Genotype 


Number of total reads 


Number of unique genomic 
integration sites 


Age at injection 


bdLV.CTRL 


3 (0.35; 0.22; 0.53) 


Twi 


3,415 


203 


PND21 


bdLV.GALC 


3 (0.12; 0.27; 0.43) 


Twi 


11,137 


676 




bdLV.ARSA 


2 (0.09; 0.046) 


MLD 


1,027 


7 






1 (0.055) 


WT 


970 


76 










16,549 


962 




bdLV.CTRL 


2 (0.0021; 0.0012) 


Twi 


72 


20 


PND2 


bdLV.GALC 


1 (0.0011) 


Twi 


4,089 


15S 










4,161 


178 





The genomic integration profile of the different LV constructs used in this study (bdLV.CTRL, bdLV.GALC and bdLV.ARSA) was analyzed in brain tissues of 
PND40mice (WT, Twi and MLD) that were injected atPND2 andat PND21. Vector copy number measured in the injected tissue of each animal is shown in brackets. 
Overall, we univocally mapped 4, 16 1 and 1 6,549 integration sites from brain tissues of mice injected at PND2 and PND2 1 , respectively (total reads). After filtering for 
redundancy, the remaining unique genomic integration sites were 178 and 962, respectively. 
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Figure 8. LV integration profile in CNS tissues following intracerebral injection in neonates and adult mice. (A) Clonal abundance calculated as the proportion of 
sequencing reads representing each integration site within each data sets. Gray bars represent all vector integrations with an abundance of < 1 %. (B) Relative propor- 
tions of LV integrations mapping inside and outside genes in the two data sets (PND2 and PND2 1 ). 



responses and with low genotoxic risk, major issues that have to 
be considered in the risk assessment of GT strategies. 

One of the novel and interesting findings described here is the 
high percentage of transduced oligodendrocytes (30-40% of the 
GFP + -transduced cells) upon LV injection in the neonatal EC. 
We have previously shown that oligodendrocytes are less effi- 
ciently transduced than neurons and astrocytes upon LV injec- 
tion in the adult EC (19). The 3- to 4-fold increase in 
transduced oligodendrocytes reported here is likely related to 
proficient transduction of proliferating oligodendrocyte pro- 
genitors that are present in this region at the time of injection. 
The ability to transduce proliferating and post-mitotic oligo- 
dendroglia distinguishes LV from AAV (43-45) and adds a ra- 
tionale for the application of a LV-mediated intracerebral GT 
platform to treat CNS pathology in GLD and similar leukody- 
strophies, i.e. MLD. In fact, while (supra)physiological levels 
of the functional enzyme secreted by in vivo transduced 



neurons and astrocytes (or by transplanted cells) can cross- 
correct enzyme-deficient oligodendrocytes in the mouse brain 
(9,19,27), this mechanism appears less efficient in large brains 
(46). 

The rapid and robust transgene expression achieved upon neo- 
natal L V inj ection was followed by a decrease in the total number 
of transduced cells within the first 3 weeks post-injection. Our 
data strongly suggest that transduced cells participate to the 
physiological remodeling that is active in the first postnatal 
weeks of rodent CNS development. In particular, a fraction of 
them undergo proliferation and apoptosis, the latter representing 
a key process occurring in several regions of the neonatal/early 
postnatal murine (47) and human brain (48) to shape neuronal 
wiring and synaptic connections. This likely accounts for the 
transient recruitment/activation of the innate immune cells in 
the injection site consequent to LV injection, as indicated by 
the wave of macrophages, some of them in proximity to GFP + 
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cells, suggesting phagocytosis. We cannot exclude that GFP/ 
GALC overexpression (owing to the higher vector: cell ratio 
consequent to injection in the small neonatal brain) might 
enhance apoptosis and, in turn, local macrophage-mediated 
phagocytosis of transduced cells. 

In our experimental setting, the contribution of the adaptive 
immune response in the removal of transduced cells was 
minimal (if any), despite GFP is a non-mammalian immunogenic 
protein. We envisage that lack of preexisting immunity to LV 
components, CNS-restricted and short-range diffusion of LV par- 
ticles after EC injection and the immunoprivileged status of the 
neonatal CNS might explain the absence of immune response 
against GFP. Moreover, the presence of stable LV integration 
and transgene expression (both GALC and ARSA) in transduced 
cells at the injection site coupled to the persistent enzymatic activ- 
ity up to 6 months after neonatal or adult injection (assessed in 
MLD mice) strongly suggests that no immune response is estab- 
lished against LV-transduced enzyme-expressing cells. Of note, 
while Twi and MLD mice have no residual protein expression, 
many GLD and MLD patients have mutations resulting in dys- 
functional proteins. This would decrease the chances to build an 
immune response following intracerebral LV-mediated GT, po- 
tentially sparing patients the administration of an immunosup- 
pressive regimen in the perspective of moving this platform into 
clinical translation. 

The transient turnover of transduced cells minimally affected 
GALC activity, which was widespread and rapidly achieved in 
Twi mice upon neonatal injection of the therapeutic vector. This 
translated in partial but overall considerable reduction (despite 
some region-dependent variability) of a number of pathological 
hallmarks, including glycosphingolipid storage, psychosine 
accumulation, astrogliosis and microglia activation/recruitment. 
Owing to the limited demyelination characterizing the Twi 
model used in this study (15 ,40), we could not absolutely document 
an amelioration of this pathological hallmark upon our treatment. 

We previously described correction of CNS pathology in Twi 
mice that underwent the same GT protocol at PND21, corre- 
sponding to the early symptomatic stage (19). However, only 
the neonatal injection of LV.GALC described here translated 
in delayed onset of symptoms and in moderate but significant im- 
provement of lifespan. Thus, providing relevant (even if less 
than physiological) levels of GALC enzymatic activity in CNS 
tissues early before the onset of symptoms is crucial to slow 
down the pathology progression and to ensure some therapeutic 
benefit. The extension of lifespan reported here is moderate and 
in line with that observed in Twi mice that underwent other 
CNS-directed treatments, i.e. transplantation of gene-corrected 
neural stem cells (NSCs) (15) or mesenchymal stem cells (16), 
intratechal administration of recombinant GALC (49), and 
likely reflects failure of these approaches to provide sufficient 
levels of functional enzyme to correct the somatic pathology 
and particularly the PNS, which is likely the ultimate cause of le- 
thality in this mouse model. In fact, treatments able to correct the 
systemic disease associated with GLD, such as HCT, alone or in 
combination with systemic delivery of GALC-expressing 
vectors (14,20-23) as well as novel HSC GT protocols (50), sig- 
nificantly extend the lifespan of relevant GLD models. However, 
these approaches hardly achieve timely and consistent metabolic 
correction of CNS tissues. Indeed, LV as well as the majority of 
AAV (with few exceptions, such as AAV9) (51) poorly cross the 



blood-brain barrier upon systemic injection. Also, the variable 
HC engraftment and the slow turnover of HC-derived myeloid 
progeny in CNS tissues translate in variable and delayed eleva- 
tion of enzymatic activity. Recent pre-clinical studies in animal 
models and clinical evidence in MLD infants suggest that these 
and other limitations suffered by conventional HCT (i.e. the re- 
quirement for compatible donor cells, the high morbidity and 
mortality associated with the procedure) might be partially over- 
come by using autologous HSC engineered to express supraphy- 
siological levels of enzyme activity coupled to the use of 
myeloablative regimens able to deplete functionally defined 
brain microglial cells (34,52). However, data obtained so far in- 
dicate that this treatment benefits MLD patients if performed 
before or very soon after the onset of symptoms. It is not 
known whether the same approach might benefit already symp- 
tomatic patients or patients with a delayed disease onset. More 
importantly, it is currently neither known nor predictable 
whether this HSC gene therapy approach will be applicable to 
GLD infants. Indeed, despite belonging to the same LSD class 
and having clinical similarities, MLD and GLD present with pe- 
culiar features that might impact on the development of effective 
treatments. For example, toxicity resulting from GALC overex- 
pression in HSC requires a complex gene transfer vector design 
to tightly regulate transgene expression (50). So, there is a ration- 
ale for the development of alternative or complementary ways to 
target rapidly, specifically and safely the CNS. The rapid supply 
of sustained enzymatic levels in the whole CNS provided by 
LV-mediated intracerebral GT might be of relevance forpatients 
with a specific involvement of the CNS and limited/absent per- 
ipheral neuropathy. Also, it might benefit patients in which the 
rapid disease progression may require urgent enzyme coverage 
to prevent irreversible CNS damage and/or to buy time while 
waiting for a delayed therapeutic benefit provided by other 
treatments. In this perspective, combination of LV-mediated 
intracerebral GT with therapies able to correct the somatic 
pathology (i.e. HSC transplant or HSC GT) might succeed in 
providing effective and timely cure for these global diseases. 

A recent paper described extended lifespan of Twi mice treated 
with a combination of intracerebro ventricular, intraparenchymal 
(Cb) and systemic delivery of AAVrhlO expressing GALC (24). 
Despite the important therapeutic outcome of this approach, the 
high number of viral particles that had to be injected in the neo- 
natal brain coupled to two shots of systemic delivery to achieve 
high transduction of PNS and peripheral organs also raise 
safety concerns related to AAV-mediated gene transfer. Similar 
considerations might apply to a novel GT approach based on 
direct CSF administration of AAV9 that has recently been 
reported as highly effective in treating the central and somatic 
pathology of mucopolysaccaridosis IIIA mice (53). Indeed, low 
but definite risk of integration and insertional mutagenesis, risk 
of germline transmission and risks related to immune responses 
to either vector or transgene product are aggravated with the 
vector dose and its multi-organ diffusion (54). 

The single-injection, little invasive LV-mediated GT strategy 
proposed here ensures fast and stable production of functional 
enzymes (close to or even slightly above the physiological 
levels for GALC and ARSA, respectively) from a relatively 
small pool of endogenous transduced enzyme-overexpressing 
brain cells and absence of vector in organs that have not been tar- 
geted by the GT. Still, one issue related to the use of LV for GT 



3262 Human Molecular Genetics, 2014, Vol. 23, No. 12 



approaches is the risk of oncogenesis linked to insertional muta- 
genesis. Analysis of vector integrations has revealed highly 
polyclonal and multi-lineage hematopoiesis resulting from 
LV-transduced gene-corrected HSC, both in pre-clinical 
models (35) and in patients enrolled in clinical trials (34,55), in- 
dicating a safe integration profile in this clinical setting. 
However, this issue has never been addressed before in brain 
tissues upon neonatal/early postnatal LV-mediated transduc- 
tion. The integration site analysis performed here showed a poly- 
clonal pattern of integration in adult-injected mice, whereas in 
neonatally injected mice, some integrations were represented 
by many sequence reads. The tendency to oligoclonality of this 
data sets might be a bias resulting from the low number of total 
sequence reads retrieved (owing to the small sample size), 
which hampers the correct quantification of the clonal abun- 
dance. Increasing the number of samples could overcome this 
bias. On the other hand, we speculate that this pattern may also 
reflect the peculiar scenario of the neonatal brain, in which we 
showed random loss of transduced cells in the few days follow- 
ing L V transduction, coupled to moderate and physiological ex- 
pansion of the subset of surviving vector-marked progenitor 
cells. Interestingly, the two most highly represented integration 
sites in this data set are in alk and mtmr6 genes, which are 
expressed during CNS development and in postnatal brain 
tissues (56-59) and may thus be preferentially targeted by LV. 
Importantly, we never observed hyperproliferation of trans- 
duced cells or tumor mass formation, even long term after neo- 
natal LV injection. This strongly suggests that the LV insertion 
does not provide selective advantage for survival and expansion 
in the neonatal brain. Interestingly, we found a unique clustering 
of integrations targeting gale exons only in bdLV.GALC- 
injected mice. Sequence analysis showed that the vector LTR 
and the gale exon sequences had the correct junction expected 
by an integration event. This result excluded the possibility 
that these integrations may result from homologous recombin- 
ation between the nonintegrated bdLV.GALC sequence and 
gale exons. One possible explanation is that when multiple 
viral genomes enter the cell, the pre-integration complexes 
may integrate within each other and the host genome, creating 
false-positive integration sites. Further investigation will be 
required to clarify this unusual but interesting finding. 

In summary, this study establishes the neonatal LV-mediated 
GT platform described here as a rapid, effective and safe thera- 
peutic intervention that exploits endogenous neural cells as a 
long-lasting source of therapeutic enzyme. Also, it provides 
for the first time important information regarding the lack of de- 
tectable genotoxicity of this platform in the early postnatal CNS . 
This approach holds considerable significance to treat CNS path- 
ology in GLD, MLD and possibly other devastating storage dis- 
eases and warrants validation in large animals before being 
considered for clinical evaluation. 



MATERIALS AND METHODS 

Animals 

FVB/Twitcher mice 

Twitcher mice (C57BL/6J background) bear a spontaneous 
point mutation resulting in a premature stop codon and no 



residual GALC activity (60). In this study, we used Twi mice 
on the mixed background of C57BL/6 and FVB generated by 
breeding C57BL/6 Twi (galc +/ ~) mice with WT (galc +/+ ) 
FVB mice (Jackson Laboratory, Bar Harbor, ME 04609 USA). 
FVB/Twi mice have been previously described (15,19). 
Tremors develop at around postnatal day (PND) 2 1 and progress 
to severe resting tremor, weight loss, paralysis, and wasting of 
hind legs. At 40 days, demyelination is observed in the PNS 
(severe) and CNS (moderate). Death occurs at ~40 days. Homo- 
zygous (galc _/_ ) Twi mice and WT (galc +/+ ) littermates were 
obtained by brother- sister mating of heterozygous animals, and 
the genotyping of newborn mice was determined by polymerase 
chain reaction specific for the Twi mutation (61). 

ARSA knockout mice 

As2~'~ or MLD mice (62) cannot metabolize sulfatides. Starting 
at 6-7 months, they develop typical storage lesions, particularly 
in the fimbria and corpus callosum, and, to a lower extent in the 
PNS. Except for learning impairments, these mice do not show 
the severity of symptoms observed in MLD human patients 
and have a normal life expectancy. 

NOD/SC1D (NOD. CB1 7-Prkdc scid /NCrCrl) 
The SCID mutation has been transferred onto a non-obese dia- 
betic background. Animals homozygous for the SCID mutation 
have impaired T- and B-cell lymphocyte development (Charles 
River Laboratories, St Wilmington, MA 01887, USA). 

Mouse colonies were maintained in the animal facility of the 
San Raffaele Scientific Institute, Milano, Italy. All procedures 
were performed according to protocols approved by the Internal 
Animal Care and Use Committee and were reported to the 
Ministry of Health, as per Italian law. 



Vector production 

We used bidirectional lentiviral vectors (bdLV) allowing the dual- 
coordinate expression of two trans genes driven by the human phos- 
phoglycerate kinase promoter (downstream cassette) and the 
minimal core promoter from cytomegalovirus (upstream cassette) 
(63). The 'control' vector (bdLV. CTRL) encodes for GFP and 
for the truncated form of the low-affinity nerve growth factor re- 
ceptor (ANGFR). The 'therapeutic' vectors (bdLV.GALC and 
bdLVARSA) were generated by replacing the ANGFR cDNA 
of the CTRL vector with the murine GALC cDNA or ARSA 
cDNA C-terminally tagged with the human influenza hemagglu- 
tinin epitope (HA). VSV-pseudotyped third-generation LV were 
produced by transient four-plasmid co-transfection into 293T 
cells and purified by ultracentrifugation. Reagents, cloning proce- 
dures and sequence information are available upon request. 

Expression titer of GFP was estimated on 293T cells by limit- 
ing dilution. Vector particle was measured by HIV-1 gag p24 
antigen immunocapture (NEN Life Science Products, Zaven- 
tem, Belgium). Vector infectivity was calculated as the ratio 
between titer and particle for the vector expressing GFP or 
ANGFR. For all bdLVs, the expression titer of concentrate 
vector ranged between 1 and 3 x 10 9 TU/ml and infectivity 
was in the range of 2 to 4 x 10 4 TU/ng of p24. 
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Intracerebral injection 

Injection in the adult external capsule 

WT mice from the FVB/Twi colony and As2 _/ ~ mice (and their 
WT littermates) were injected with bdLV at PND21 and 6 
months of age, respectively, and were euthanized 20 days or 6 
months after injection. Surgery was performed as previously 
described (19). Viral suspension (2 x 10 6 TU/1.5 (xl) was 
slowly injected in the left hemisphere by means of a 33 G 
needle Hamilton syringe (0.2 ul/min). Stereotactic coordinates 
(distance from Bregma in mm, according to the Paxinos mouse 
brain atlas): AP +1.4, ML +2.5, DV -3. Untreated As2 _/ " 
mice and WT littermates were included as controls. 

Injection in the neonatal external capsule 
Newborn (PND2) Twi mice and WT littermates were anesthe- 
tized on crushed ice for 3 min and then placed on a refrigerated 
surgical table. A hole was made in the skull with a needle 
(without exposing the skull), and the viral suspension (2 x 10 6 
TU/1.5 julI) was slowly injected by means of glass capillary 
tightly connected to a 3 3 G needle Hamilton mounted on a Micro- 
manipulator M3310 (2Biological Instruments, Besozzo, VA, 
Italy). The capillary was left in place for additional 2 min and 
then slowly withdrawn. Stereotactic coordinates were as 
follows: anterior-posterior (AP) +1, medial-lateral (ML) +2, 
dorsal-ventral (DV) — 1 (distance in mm from the frontal cere- 
bral vein). Untreated Twi mice and WT littermates were 
included as controls. After the injection, mice were heated 
under a warming lamp, monitored until recovery and then 
returned to parental cures. 

Survival after the neonatal and adult injection was >90%. 



Tissue collection and processing 

Mice were euthanized at different time points after treatment 
(PND10, PND21, PND40, 6 and 12 months of age). 

For biochemical and molecular assays, mice were euthanized 
with an overdose of avertine (500 mg/kg). The brain and the 
spinal cord (SC) were isolated and either quickly frozen in 
liquid nitrogen or immediately processed to obtain tissue 
extracts. Briefly, a cut was made to separate the Tel from the 
Cb, and a further incision was made to split the Tel in two hemi- 
spheres (injected and contralateral). Spinal cord was collected as 
a whole. The CSF was collected from the cy sterna magna using a 
glass capillary. Blood was collected from the ophthalmic artery 
using a glass Pasteur pipette and left to clot for 30 min at room 
temperature. Serum was separated by centrifugation for 
15 min at 12,000 g, collected and stored at -20°C. 

For histopathology, immunohistochemistry and IF analysis, 
mice were deeply anesthetized with avertine (250 mg/kg) and 
intracardially perfused via the descending aorta with 0.9% 
NaCl followed by ice-cold 4% paraformaldehyde (PFA; P6148 
Sigma-Aldrich, St. Louis, Mo, USA) in phosphate buffer solu- 
tion (PBS). Brain and SC tissues were equilibrated for 24 h in 4% 
PFA, washed and stored in PBS + NaN 3 at 4°C. Tissues were 
included in 4% agarose and serial coronal vibratome-cut sections 
(6 series, 40-|xm-thick) were collected and stored in freezing so- 
lution (40% PBS, 30% ethylene glycol, 30% glycerol) before 
being processed as described below. 



Immunofluorescence 

Free-floating vibratome-cut sections were incubated with block- 
ing solution [10% normal goat serum (NGS) + 0.3% Triton 
X-100 in PBS] for 1 h at RT and then incubated overnight at 
4°C with primary antibody diluted in blocking solution. After 
thorough washing (3x5 min each), antibody staining was 
revealed using species-specific fluorophore-conjugated second- 
ary antibodies diluted in 10% NGS + 0.1% Triton X-100 
in PBS. 

For the detection of GALC, HA and Lamp 1 , tissue slices were 
incubated with 10% NGS + 0.5% Triton X-100 in PBS for 
1 0 min before the incubation with the normal blocking solution. 
Incubation with primary antibodies was performed overnight at 
room temperature. 

Coverslips and tissue sections were counterstained with dapi 
(4',6-diamidino-2-phenylindole; 10236276001, Roche, Basel, 
Switzerland) orToPro-3 (T3605, Life Technologies-Invitrogen, 
Carlsbad, CA, USA), washed in PBS and mounted on glass slides 
using Fluorsave (#345789, Calbiochem, Billerica, MA, USA). 



Immunohistochemistry 

For the detection of Ibal, GFAP, CD68 and GFP, slices were 
fixed for 10 min in 3% H2O2 in PBS, washed in PBS, incubated 
for 30 mininblockingsolution(0.3%TritonX-100 + 10% NGS 
in PBS) and then with primary antibodies. For the detection of 
GALC, brain slices were incubated with 10% NGS + 0.5% 
Triton X-100 in PBS for 10 min before the incubation with the 
normal blocking solution. 

Forthe detection of lectins, slices were fixed for 10 min in 3% 
H2O2 in methanol, washed in PBS and incubated in Avidin solu- 
tion (15 min) and Biotin solution (15 min)(Blocking kit; 
SP-2001, Vector Laboratories, Burlingame, CA 94010, USA). 
After washing, slices were incubated for 30 min in blocking so- 
lution (0.3% Triton + 10% NGS in PBS) and then with Biotiny- 
lated Ricinus Communis Agglutinin I (RCA I, B-1085 Vector 
Laboratories; 1 : 200) in blocking solution for 30 min. 

Slices were then washed in PBS and incubated in Tris-HCl 
1 00 mM (5 min), and staining was revealed using a biotinylated 
secondary antibody. The signal was enhanced incubating slices 
for 30 min with VECTASTAIN ABC kit (PK-6100, Vector La- 
boratories). After three washes in Tris-HCl 100 mM, the reaction 
with the substrate 3-3 diamino-benzidine tetrahydrochloride 
(DAB, 167 jJLg/ml in Tris-HCl 100 mM + H 2 0 2 1 : 3.000) was 
performed. Water was added to stop the reaction. Slices were 
washed in PBS and counterstained with cresyl violet (0.1% 
cresyl violet, 0.3% glacial acetic acid, H 2 0) for 2 min, then dehy- 
drated and mounted with EUKITT (13155073, Bosch Sensortec 
GmbH, Reutlingen/Kusterdingen, Germany). 

Primary antibodies 

The primary antibodies used were mouse anti-APC (1 : 1,000; 
PO80 Calbiochem-EMD Millipore, Billerica, MA, USA), mouse 
anti-GFAP (1 : 1,000; MAB3402, Chemicon-Millipore, Teme- 
cula, CA, USA), rabbit anti-GFAP (1 : 1,000; Z0334, Dako, 
Denmark), mouse anti-HA (1 : 1 00; MMS- 1 0 1 P, Covance Prince- 
ton, NJ 08540, USA), mouse anti-NeuN (1 : 500; MAB377, Che- 
micon), rabbit anti-Ibal (1 : 200; 019-19741, Wako Chemicals, 
Richmond, VA, USA), rabbit anti-Lamp- 1 (1 : 200; AB 24170, 
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Abeam Cambridge Science Park, Cambridge, UK), chicken 
anti-GFP (1 : 1,000; AB- 13970, Abeam), rabbit anti-GFP (1 : 
1000; A-11122 Molecular probes; Carlsbad, CA, USA), chicken 
anti-GALC (CL1021AP, 1 : 2,000; a gift of Dr C.W. Lee), rabbit 
anti-cleaved Caspase-3 (1 :200, Cell Signalling, Danvers, MA, 
USA), rat anti-CD68 (1 : 100, MCA1957, AbD Serotec, Kidling- 
ton, Oxford, UK) and anti-CD3 (molecular complex; 1 : 80, BD 
Biosciences Pharmigen). 

Secondary antibodies 

Alexa 488-, Alexa 546-, Alexa 633- (Molecular Probes), Cy3- 
(Jackson ImmunoResearch Laboratories, West Grove, PA, 
USA) conjugated anti-rabbit, anti-mouse, anti-rat, anti-chicken 
antibodies (1 : 1,000); biotinilated goat anti-rabbit-, goat 
anti-rat-, goat anti-chicken-antibodies ( 1 : 200, Jackson Immu- 
noResearch Laboratories). 



Image acquisition 

Slices processed for immunohistochemistry (GALC, lectins, 
GFAP, Ibal and CD68) were visualized with a Nikon Eclipse 
E600 microscope. Images were acquired in bright field using a 
Nikon DMX 1200 digital camera and ACT-1 acquisition soft- 
ware (Nikon Corporation, Tokyo, Japan). Defined areas from 
the forebrain, Cb and SC were selected for the quantitative ana- 
lysis, as previously described (19). Three to five pictures for each 
slice were taken, and the total immunopositive area in each 
picture (expressed in pixels) was calculated using the ImageJ 
software. Tissue slices from UT WT mice (for lectins and 
CD68) or slices in which the primary antibodies were omitted 
(for GFAP and Ibal) were used to set the signal threshold. 

Slice processed for IF were visualized with: (1) Zeiss 
Axioskop2 microscope using double laser confocal microscopy 
with Zeiss Plan-Neofluar objective lens (Zeiss, Arese, Italy). 
Images were acquired using a Radiance 2100 camera 
(Bio-Rad, Segrate, Italy) and LaserSharp 2000 acquisition soft- 
ware (Bio-Rad); (2) Perkin Elmer Ultra VIEW ERS Spinning 
Disk Confocal (PerkinElmer Life Sciences, Inc., MA, USA), 
63x/NA1.4 Planapochromat oil-immersion lens (Carl Zeiss, 
Jena, Germany) with a 405-nm diode laser, 488-nm argon laser 
and a 568-nm krypton laser excitation wavelengths. 

Co-localization between GFP and microglial markers (Ibal, 
CD68-positive cells) was analyzed on sequential confocal 
images (Z-stacks) collected at 0.25-pm intervals covering 
3-|JLm depth (12 total scanning images for each channel). The 
3D signals and the orthogonal projections representation were 
obtained by means of Volocity Software (v5.2.1; PerkinElmer- 
Improvision, Lexington, MA, USA). 

3D Reconstruction and quantification of the bdLV-transduced 
brain tissue were performed using a Leica DM 4000B microscope 
attached to a Neurolucida computer-assisted tracing system 
(Microbrightfiled, Inc., USA). For calculation of GFP -transduced 
volume, every GFP-positive area on serial coronal sections 
(40-pm-thick, 240-pm-interval; n = 12 sections from one 
series, collected from Bregma — 2 mm to + 1 mm) was marked 
and attached to the subsequent trace according to the software 
instructions. 

Images were imported into Adobe Photoshop CS4 (USA) and 
adjusted for brightness and contrast. 



Cell counts 

Quantification was performed in matched coronal brain sections 
(3-6 slices/mice; n = 3-4 mice/group) selected within the 
region containing transduced (GFP + ) cells (identified using 
anti-GFP antibody) in combination with lineage-specific 
markers (NeuN, neurons; GFAP, astroglia; APC, oligodendro- 
glia; Ibal, microglia; CD68, macrophages), apoptosis (Casp3) 
and cell proliferation (Ki67) markers and nuclear counterstain- 
ing. Triple-labeled sections were scanned with the confocal 
laser microscope at 40 x magnification and a representative 
sample of 100-200 transduced (GFP + ) cells showing defined 
nuclei was examined for co-localization with either marker. 
Results were expressed as follows: (1) percentage of GFP + 
cells on total nuclei (efficiency of transduction), (2) percentage 
of GFP + marker + cells within the GFP + cells and (3) percentage 
of marker" 1 " cells on total nuclei. 



Detection of LV genome 

Genomic DNA was extracted from murine brain tissues 
(#200600, DNA Extraction Kit, Agilent Technologies, Inc. 
Santa Clara, CA 95051, USA) and from liver, spleen and 
gonads (#13343 Blood and Cell Culture DNA Midi Kit, 
Qiagen, Venlo, 591 1 KJ, Netherlands). Samples were quantified 
at NanoDrop ND-1000 Spectrophotometer (Euroclone, Pero, 
Italy). Vector copies per genome were quantified by TaqMan 
analysis as previously described (19). Briefly, quantitative 
PCR was performed starting from 1 00 ng of template DNA by 
amplifying the PSI (i|() sequence of the LV backbone and a frag- 
ment of the murine p-actin gene. A standard curve of genomic 
DNA carrying 4 LV copies, validated by Southern blot analysis, 
was constructed using DNA extracted from transgenic mouse 
tissue. The standard curve, based on different dilutions of 
DNA (from 200 to 25 ng), and accordingly, of LV copies, was 
used as standard both for L V and for (3-actin amplification. Reac- 
tions were carried out in a total volume of 25 |xl, in an ABI Prism 
9700 HT Sequence Detection System (Life Technologies- 
Applied Biosystems, Carlsbad, CA, USA). The VCN was calcu- 
lated as follows: (ngLV/ng endogenous DNA) x (numberofLV 
integrations in the standard curve). Primers and probes are avail- 
able on demand. 



Detection of GALC mRNA by RT-PCR 

Total RNA was isolated from cells and tissues using Trizol 
Reagent (Invitrogen)/Chloroform method and purified by 
RNeasy mini Kit (Qiagen, Hilden, Germany). The quantity of 
RNA was determined by 260/280 nm optical density reading 
on a NanoDrop ND-1000 Spectrophotometer (NanoDrop, 
Pero, Italy). Reverse transcription was carried out using 1 pg 
of total RNA in the presence of 200 U of Quantitect Reverse 
Transcriptase kit (Qiagen, Hilden, Germany). PCR was carried 
out using Taq DNA Polymerase (Qiagen) according to manufac- 
turer's protocol. Gale endogenous mRNA was amplified using 
forward and reverse primers into the mouse gene sequence 
(NM_008079), whereas for the transgenic one, we designed a 
reverse primer into the vector construct WPRE sequence 
(forward: 5' GAC TGT GCA GTG CGA TGT TT 3'; reverse 
Gale: 5' GCC CTG AAC CAA AAT CAA AA 3', reverse 
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WPRE: 5' AAG CCA TAC GGG AAG CAA TA 3'; annealing 
temperature, 56°C). Expected product size is 437 bp (endogen- 
ous) and 550 bp (transgenic). 

All cDNAs used as templates were previously normalized 
throughout (3-actin RT-PCR. The PCR products were separated 
on a 2% agarose gel at 10 V/cm and visualized by ethidium 
bromide. 

Determination of enzymatic activity 

GALC activity was measured using the artificial fluorogenic 
substrate 4-methylumbelliferone-(3-galactopyranoside. ARSA 
activity was determined using the 4-methylumbelliferyl-sulfate 
substrate and calculated by subtracting the value obtained in the 
presence of AgN03 [Arylsulphatase B (ARSB) activity] from 
that measured in the absence of the inhibitor (ARSA + ARSB 
activity). Both assays were performed according to previously 
described protocols (64,65) that have been validated in our 
previous studies (15,19). 

Psychosine quantification 

Tissues were stored at — 80°C. For homogenization (using a Tis- 
sueLyser), samples were combined with 5-10 times their 
volume of PBS and 20 |xl of the resulting homogenate was 
used for determination of protein content (BCA method). 2 H 7 _ 
-psychosine (AVANTI Polar Lipids, Inc.) was added to brain 
homogenates ( 1 mg of protein) as internal standard. After depro- 
teinization and extraction by methanol/chloroform (1:1) and 
evaporation to dryness (N 2 , 60°C) of the organic layer, the 
sample extract was reconstituted in methanol. After injection 
and elution over a C8 analytical column, psychosine and its in- 
ternal standard were detected by positive ESI in the MRM 
mode on a TSQ Quantum AM mass spectrometer (Thermo). Psy- 
chosine concentrations were established by the use of calibration 
standards. Concentrations were expressed per 1 mg of protein. 

Detection of anti-GFP and anti-HA antibodies 

Sera collected from UT and bdLV-treated mice were tested for 
the presence of anti-GFP and anti-HA antibodies via enzyme- 
linked immunosorbent assay (ELISA). Microtiter plates were 
coated with recombinant-GFP (Vector Laboratories) or HA tag 
peptide (Abeam), 0.3 jig/well in 1 m carbonate buffer, pH 9.5. 
After three washes in PBS + 0.05% Tween-20, wells were incu- 
bated with blocking buffer (PBS + 0.05% Tween-20 + l%goat 
serum) for 2 h at RT in the dark. Serial dilutions in PBS + 0.05% 
Tween-20 (from 1 : 10 2 to 1 : 10 5 ) of sera were added for 2 h at 
RT in the dark. Following four washes, anti-GFP and anti-HA 
antibodies were detected by adding 100 (xl/well of diluted (1 : 
2.000) peroxidase-conjugated rabbit anti-mouse Ig (Dako Cyto- 
mation) for 1 h at RT in the dark. After four washes, plates were 
reacted with OPD (Sigma-Aldrich) and H2O2 (final concentra- 
tion 0.03%). The reaction was stopped by adding 50 |xl/well of 1 
m sulfuric acid. Plates were read using an ELISA reader (VER- 
SAmax Molecular Devices, Sunnyvale, CA, USA), and values 
are expressed as optical density (OD; \ 492 nm). 

Twi mice immunized by systemic injection of 3 x 10 8 TU/ 
150 julI of bdLV.GALC were used as positive controls (injection 
at PND21 and collection of sera at PND42; OD = 2.149 with 



1 : 1 0 3 dilution). Anti-HA monoclonal antibody was used as 
positive control for anti-HA antibodies detection (OD = 2.643 
with 1 : 10 3 dilution). Sera of UT or PBS-injected mice were 
used as negative controls. Threshold was set as the average 
OD measured in UT mice plus three standard deviations 
(OD = 0.307 and 0.273 for GFP and HA, respectively). 

P24 enzyme-linked immunosorbent assay 

The presence of vector particle in the sera of treated mice and con- 
trols was determined by immunosorbent assay, using the Alliance 
HIV- 1 p24 antigen ELISA kit (PerkinElmer), following manufac- 
turer's instructions. Serial dilutions of sera were plated in triplicate 
in microplate wells, coated with a mouse monoclonal antibody to 
the HIV-1 capsid protein p24, and vector particle in the sera was 
lysed by 5% Triton X-100. The captured antigen was then com- 
plexed with biotinilated polyclonal antibody to HIV-1 p24, 
followed by a streptavidin-HRP (horseradish peroxidase) conju- 
gate. The resulting complex was detected by incubation with 
ortho-phenylenediamine-HCl, which produces a yellow color 
that is directly proportional to the amount of HIV-1 p24 captured. 
The absorbance of each microplate well was determined using a 
microplate reader (Versa Max, Molecular Devices) (X 490 nm), 
and p24 amount was calculated using an HIV-1 p24 antigen 
standard curve. 

LAM-PCR and 454-pyrosequencing 

The procedures and primer sequences for LAM-PCR for LV in- 
tegration site retrieval have been previously described (66). 
Briefly, we used 1 |JLg of DNA extracted from brain tissues as 
template for 100-cycle linear PCR preamplification of 
genome -vector junctions, followed by magnetic capture of 
the biotinylated target DNA, hexanucleotide priming, restriction 
digest using Tsp509I and HpyCHIV4 and ligation of a restriction 
site -complementary linker cassette. The first exponential bioti- 
nylated PCR product was captured via magnetic beads and ream- 
plified by a nested second exponential PCR. We separated 
LAM-PCR amplicons on high-resolution Spreadex gels 
(Elchrom Scientific) to evaluate PCR efficiency and the bands 
pattern for each sample. We adapted the LAM-PCR samples 
for 454-pyrosequencing by fusion-primer PCR to add the 
Roche 454 GS-FLX adaptors (41): adaptor A, plus a 
6-nucleotide barcode was added at the LTR end of the 
LAM-PCR amplicon; adaptor B was added at the linker cassette 
side. Each sample was amplified with fusion primers carrying 
each a different barcode sequence. Fusion-primer PCR products 
were assembled in equimolar ratio into libraries, avoiding repe- 
tition of identical barcodes, and sequenced at GATC biotech. 
Sequences were aligned to the mouse genome (assembly July 
2007, 9 mm) using the UCSC genome browser (http: //genome. 
ucsc.edu/), coupled to bioinformatic analyses. Genes targeted 
by vector integrations were considered those nearest to the 
integration site. 

Statistics 

Data were analyzed with Graph Pad Prism version 5 .0a for Mac- 
intosh and expressed as mean + SEM (with n > 3) if not other- 
wise stated. Non-parametric (Kruskall-Wallis) or parametric 
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tests (Student's /-test, one-way or two-way analysis of variance) 
followed by post-tests were used according to data sets. Survival 
curves were analyzed by Log-Rank (Mantel-Cox) test. A 
P-value of <0.05 was considered statistically significant. The 
number of samples analyzed and the statistical test used are indi- 
cated in the legends to each figure. 

SUPPLEMENTARY MATERIAL 

Supplementary Material is available at HMG online. 



ACKNOWLEDGEMENTS 

We thank Nicole Rufo, Giacomo Frati, Lucia Sergi-Sergi and 
Tiziana Plati for technical support; Henk van Lenthe for 
sample preparation and analysis of psychosine; Alessandra 
Ricca and Vasco Meneghini for RT-PCR and qPCR experi- 
ments and for critical reading of the manuscript; Andrea 
Annoni and Vania Broccoli for helpful discussion; Aldo Orlac- 
chio as the coordinator of the PhD program in which Annalisa 
Lattanzi was enrolled. Part of the image acquisition was per- 
formed in Alembic, the Advanced Light and Electron Micros- 
copy Bio-Imaging Centre of San Raffaele Scientific Institute. 

Conflict of Interest statement, none declared. 



FUNDING 

This work was funded by Comitato Telethon Fondazione Onlus; 
grants numbers TGT06B02 and TGT11B02 to A.G and the 
European Union's Seventh Framework Programme (FP7/ 
2007-2013) under grant agreement number 241622. Funding 
to pay the Open Access publication charges for this article was 
provided by Comitato Telethon Fondazione Onlus. 

REFERENCES 

1. Suzuki, K. (2003) Globoid cell leukodystrophy (Krabbe's disease): update. 
J. Child. Neurol, 18, 595-603. 

2. Smith, B., Galbiati, F., Cantuti-Castelvetri, L., Givogri, M.I., Lopez-Rosas, 
A. and Bongarzone, E.R. (201 1) Peripheral neuropathy in the Twitcher 
mouse involves the activation of axonal caspase 3. ASN Neuro, 3, e00066. 

3 . Igisu, H. and Suzuki, K. ( 1 984) Progressive accumulation of toxic metabolite 
in a genetic leukodystrophy. Science, 224, 753-755. 

4. Suzuki, K. (1998) Twenty five years of the "psychosine hypothesis": a 
personal perspective of its history and present status. Neurochem. Res., 23, 
251-259. 

5. Wenger, D.A., Rafi, M.A., Luzi, P., Datto, J. and Costantino-Ceccarini, E. 
(2000) Krabbe disease: genetic aspects and progress toward therapy. Mol. 
Genet. Metab., 70, 1-9. 

6. Escolar, M.L., Poe, M.D., Provenzale, J.M., Richards, K.C., Allison, J., 
Wood, S., Wenger, DA., Pietryga, D., Wall, D., Champagne, M. etal. (2005) 
Transplantation of umbilical-cord blood in babies with infantile Krabbe's 
disease. N. Engl. J. Med., 352, 2069-2081. 

7. Duffner, P.K., Caviness, V.S. Jr, Erbe, R.W., Patterson, M.C., Schultz, K.R., 
Wenger, D.A. and Whitley, C. (2009) The long-term outcomes of 
presymptomatic infants transplanted for Krabbe disease: report of the 
workshop held on July 1 1 and 1 2, 2008, Holiday Valley, New York. Genet. 
Med, 11,450-454. 

8. Castelvetri, L.C., Givogri, M.I., Zhu, H., Smith, B., Lopez-Rosas, A., Qiu, 
X., van Breemen, R. and Bongarzone, E.R. (201 1) Axonopathy is a 
compounding factor in the pathogenesis of Krabbe disease. Acta 
Nenropathol, 122, 35-48. 



9. Santambrogio, S., Ricca, A., Maderna, C, Ieraci, A., Aureli, M., Sonnino, S., 
Kulik, W., Aimar, P., Bonfanti, L., Martino, S. et at. (2012) The 
galactocerebrosidase enzyme contributes to maintain a functional 
neurogenic niche during early post-natal CNS development. Hum. Mol. 
Genet. 21, 4732-4750. 

10. Escolar, M.L., Poe, M.D., Smith, J.K., Gilmore, J.H., Kurtzberg, J., Lin, W. 
and Styner, M. (2009) Diffusion tensor imaging detects abnormalities in the 
corticospinal tracts of neonates with infantile Krabbe disease. AJNR 

Am. J. Neuroradiol. ,30,1017-1 02 1. 

1 1 . Gritti, A. (20 1 1 ) Gene therapy for lysosomal storage disorders. Expert Opin. 
Biol. Ther., 11, 1 153- 1 167. 

12. Cearley, C.N. and Wolfe, J.H. (2007) A single injection of an 
adeno-associated virus vector into nuclei with divergent connections results 
in widespread vector distribution in the brain and global correction of a 
neurogenetic disease. /. Neurosci., 27, 9928-9940. 

13. Broekman, M.L., Tierney, L.A., Benn, C, Chawla, P., Cha, J.H. and 
Sena-Esteves, M. (2009) Mechanisms of distribution of mouse 
beta-galactosidase in the adult GM1 -gangliosidosis brain. Gene Ther., 16, 
303-308. 

14. Yagi, T., Matsuda, J., Tominaga, K. and Suzuki, K. (2005) Hematopoietic 
cell transplantation ameliorates clinical phenotype and progression of the 
CNS pathology in the mouse model of late onset Krabbe disease. 

J. Neuropathol. Exp. Neurol., 64, 565-575. 

15. Neri, M., Ricca, A., di Girolamo, I., Alcala'-Franco, B., Cavazzin, C, 
Orlacchio, A., Martino, S., Naldini, L. and Gritti, A. (20 1 1 ) Neural stem cell 
gene therapy ameliorates pathology and function in a mouse model of 
globoid cell leukodystrophy. Stem Cells, 29, 1559-1571. 

16. Scruggs, B.A., Zhang, X., Bowles, A.C., Gold, PA., Semon, J.A., 
Fisher-Perkins, J.M., Zhang, S., Bonvillain, R.W., Myers, L., Chen Li, S. 
et at (2013) Multipotent stromal cells alleviate inflammation, 
neuropathology, and symptoms associated with globoid cell leukodystrophy 
in the Twitcher mouse. Stem Cells, 31, 1523-1534. 

17. Lin, D., Fantz, C.R., Levy, B., Rafi, M.A., Vogler, C, Wenger, D.A. and 
Sands, M.S. (2005) AAV2/5 vector expressing galactocerebrosidase 
ameliorates CNS disease in the murine model of globoid-cell 
leukodystrophy more efficiently than AAV2. Mol. Ther., 12, 422-430. 

18. Rafi, M.A., Zhi Rao, H., Passini, M.A., Curtis, M., Vanier, M.T., Zaka, M., 
Luzi, P., Wolfe, J.H. and Wenger, D.A. (2005) AAV-mediated expression of 
galactocerebrosidase in brain results in attenuated symptoms and extended 
life span in murine models of globoid cell leukodystrophy. Mol. Ther., 11, 
734-744. 

19. Lattanzi, A., Neri, M., Maderna, C, di Girolamo, I., Martino, S., Orlacchio, 
A., Amendola, M., Naldini, L. and Gritti, A. (2010) Widespread enzymatic 
correction of Cns tissues by a single intracerebral injection of therapeutic 
lentiviral vector in leukodystrophy mouse models. Hum. Mol. Genet., 19, 
2208-2227. 

20. Lin, D., Donsante, A., Macauley, S., Levy, B., Vogler, C. and Sands, M.S. 
(2007) Central nervous system-directed AAV2/5 -mediated gene therapy 
synergizes with bone marrow transplantation in the murine model of 
globoid-cell leukodystrophy. Mol. Ther., 15, 44-52. 

2 1 . Galbiati, F., Givogri, M.I., Cantuti, L., Rosas, A.L., Cao, H., vanBreemen, R. 
and Bongarzone, E.R. (2009) Combined hematopoietic and lentiviral 
gene-transfer therapies in newborn Twitcher mice reveal contemporaneous 
neurodegeneration and demyelination in Krabbe disease. J. Neurosci. Res., 
87, 1748-1759. 

22. Reddy, A.S., Kim, J.H., Hawkins-Salsbury, J.A., Macauley, S.L., Tracy, 
E.T., Vogler, C.A., Han, X., Song, S.K., Wozniak, D.F., Fowler, S.C. et at 
(2011) Bone marrow transplantation augments the effect of brain- and spinal 
cord-directed adeno-associated virus 2/5 gene therapy by altering 
inflammation in the murine model of globoid-cell leukodystrophy. 

J. Neurosci., 31, 9945-9957. 

23. Qin, E.Y., Hawkins-Salsbury, J.A., Jiang, X., Reddy, A.S., Farber, N.B., 
Ory, D.S. and Sands, M.S. (2012) Bone marrow transplantation increases 
efficacy of central nervous system-directed enzyme replacement therapy in 
the murine model of globoid cell leukodystrophy. Mol. Genet. Metab., 107, 
186-196. 

24. Rafi, M.A., Rao, H.Z., Luzi, P., Curtis, M.T. and Wenger, D.A. (2012) 
Extended normal life after AAVrhlO-mediated gene therapy in the mouse 
model of krabbe disease. Mol. Ther., 20, 2031-2042. 

25. Mingozzi, F. and High, K.A. (201 1) Therapeutic in vivo gene transfer for 
genetic disease using AAV: progress and challenges. Nat. Rev. Genet., 12, 
341-355. 



Human Molecular Genetics, 2014, Vol. 23, No. 12 3267 



26. Bushman, F.D. (2007) Retroviral integration and human gene therapy. J. 
Clin. Invest., 117, 2083-2086. 

27. Piguet, F., Sondhi, D., Piraud, M., Fouquet, F., Hackett, N.R., Ahouansou, 
O., Vanier, M.T., Bieche, I., Aubourg, P., Crystal, R.G. et al. (2012) 
Correction of brain oligodendrocytes by AAVrh. 1 0 intracerebral gene 
therapy in metachromatic leukodystrophy mice. Hum. Gene Ther., 23, 
903-914. 

28. Bradbury, A.M., Cochran, J.N., McCurdy, V.J., Johnson, A.K., Brunson, 

B. L., Gray-Edwards, H., Leroy, S.G., Hwang, M., Randle, A.N., Jackson, 
L.S. et al. (2013) Therapeutic response in feline Sandhoff disease despite 
immunity to intracranial gene therapy. Mol. Ther., 21, 1306- 1015. 

29. McPhee, S.W., Janson, C.G, Li, C, Samulski, R.J., Camp, A.S., Francis, J., 
Shera, D., Lioutermann, L., Feely, M., Freese, A. et al. (2006) Immune 
responses to AAV in a phase I study for Canavan disease. J. Gene Med. , 8, 
577-588. 

30. Worgall, S., Sondhi, D„ Hackett, N.R., Kosofsky, B., Kekatpure, M.V., 
Neyzi, N, Dyke, J.P., Ballon, D., Heier, L., Greenwald, B.M. et al. (2008) 
Treatment of late infantile neuronal ceroid lipofuscinosis by CNS 
administration of a serotype 2 adeno-associated vims expressing CLN2 
cDNA. Hum. Gene Ther., 19, 463-474. 

31. Abordo-Adesida, E., Follenzi, A., Barcia, C, Sciascia, S., Castro, M.G., 
Naldini, L. and Lowenstein, P.R. (2005) Stability of lentiviral 
vector-mediated transgene expression in the brain in the presence of 
systemic antivector immune responses. Hum. Gene Ther., 16, 741-751. 

32. Kordower, J.H., Bloch, J., Ma, S.Y., Chu, Y., Pain, S., Roitberg, B.Z., 
Emborg, M., Hantraye, P., Deglon, N. and Aebischer, P. (1999) Lentiviral 
gene transfer to the nonhuman primate brain. Exp. Neurol., 160, 1 — 16. 

33. Carrier, N., Hacein-Bey-Abina, S., Bartholomae, C.C., Veres, G, Schmidt, 
M., Kutschera, I., Vidaud, M., Abel, U., Dal-Cortivo, L., Caccavelli, L. etal. 
(2009) Hematopoietic stem cell gene therapy with a lentiviral vector in 
X-linked adrenoleukodystrophy. Science, 326, 818-823. 

34. Biffi, A., Montini, E., Lorioli, L., Cesani, M., Fumagalli, F., Plati, T., Baldoli, 

C, Martino, S., Calabria, A., Canale, S. etal. (2013) Lentiviral 
hematopoietic stem cell gene therapy benefits metachromatic 
leukodystrophy. Science, 341, 1233158. 

35. Biffi, A., Bartolomae, C.C., Cesana, D., Cartier, N., Aubourg, P., Ranzani, 
M., Cesani, M., Benedicenti, F., Plati, T., Rubagotti, E. et al. (201 1) 
Lentiviral vector common integration sites in preclinical models and a 
clinical trial reflect a benign integration bias and not oncogenic selection. 
Blood, 111, 5332-5339. 

36. Bartholomae, C.C., Arens, A., Balaggan, K.S., Yanez-Munoz, R.J., Montini, 
E., Howe, S.J., Paruzynski, A., Kom, B., Appelt, J.U., Macneil, A. et al. 
(2011) Lentiviral vector integration profiles differ in rodent postmitotic 
tissues. Mol. Ther., 19, 703-710. 

37. Bonfanti, L. andPeretto, P. (201 1) Adult neurogenesis in mammals— a theme 
with many variations. Eur. J. Neurosci., 34, 930-950. 

38. Roy, N.S., Wang, S., Harrison-Restelli, C, Benraiss, A., Fraser, R.A., 
Gravel, M., Braun, P.E. and Goldman, S.A. ( 1 999) Identification, isolation, 
and promoter-defined separation of mitotic oligodendrocyte progenitor cells 
from the adult human subcortical white matter. J. Neurosci. , 19, 9986-9995. 

39. Alroy, J., Ucci, A.A., Goyal, V. and Aurilio, A. (1986) Histochemical 
similarities between human and animal globoid cells in Krabbe's disease: a 
lectin study. Acta Neuropathol, 71, 26-3 1. 

40. Meisingset, T.W., Ricca, A., Neri, M., Sonnewald, U. and Gritti, A. (2013) 
Region- and age-dependent alterations of glial-neuronal metabolic 
interactions correlate with CNS pathology in a mouse model of globoid cell 
leukodystrophy. J. Cereb. Blood Flow Metab., 33, 1127-1137. 

41 . Paruzynski, A., Arens, A., Gabriel, R., Bartholomae, C.C., Scholz, S., Wang, 
W., Wolf, S., Glimm, H, Schmidt, M. and von Kalle, C. (2010) 
Genome-wide high-throughput integrome analyses by nrLAM-PCR and 
next-generation sequencing. Nature Protoc, 5, 1379- 1395. 

42. Suzuki, T., Shen, H, Akagi, K., Morse, H.C., Malley, J.D., Naiman, D.Q., 
Jenkins, NA. and Copeland, N.G (2002) New genes involved in cancer 
identified by retroviral tagging. Nat. Genet, 32, 166-174. 

43. Cearley, C.N., Vandenberghe, L.H., Parente, M.K., Carnish, E.R., Wilson, 
J.M. and Wolfe, J.H. (2008) Expanded repertoire of AAV vector serotypes 
mediate unique patterns of transduction in mouse brain. Mol. Ther, 16, 
1710-1718. 

44. Hutson, T.H., Verhaagen, J., Yanez-Munoz, R.J. and Moon, L.D. (2012) 
Corticospinal tract transduction: a comparison of seven adeno-associated 
viral vector serotypes and anon-integrating lentiviral vector. Gene Ther. , 19, 
49-60. 



45. Sevin, C, Benraiss, A., Van Dam, D., Bonnin, D., Nagels, G., Verot, L., 
Laurendeau, I., Vidaud, M., Gieselmann, V., Vanier, M. et al. (2006) 
Intracerebral adeno-associated virus-mediated gene transfer in rapidly 
progressive forms of metachromatic leukodystrophy. Hum. Mol. Genet., 15, 
53-64. 

46. Colle, M.A., Piguet, F., Bertrand, L., Raoul, S., Bieche, I., Dubreil, L., 
Sloothaak, D., Bouquet, C, Moullier, P., Aubourg, P. etal. (2010) Efficient 
intracerebral delivery of AAV5 vector encoding human ARSA in 
non-human primate. Hum. Mol. Genet., 19, 147-158. 

47. Kim, W.R. and Sun, W. (201 1) Programmed cell death during postnatal 
development of the rodent nervous system. Dev. Growth Diff., 53, 225-235. 

48. de Graaf-Peters, V.B. and Hadders-Algra, M. (2006) Ontogeny of the human 
central nervous system: what is happening when? Early Hum. Develop., 82, 
257-266. 

49. Lee, W.C., Tsoi, Y.K., Troendle, F.J., DeLucia, M.W., Ahmed, Z., Dicky, 
C.A., Dickson, D.W. and Eckman, C.B. (2007) Single-dose 
intracerebroventricular administration of galactocerebrosidase improves 
survival in a mouse model of globoid cell leukodystrophy. Faseb J., 21, 
2520-2527. 

50. Gentner, B., Visigalli, I., Hiramatsu, H, Lechman, E., Ungari, S., 
Giustacchini, A., Schira, G., Amendola, M., Quattrini, A., Martino, S. etal. 
(2010) Identification of hematopoietic stem cell-specific miRNAs enables 
gene therapy of globoid cell leukodystrophy. Sci. Trans. Med., 2, 58ra84. 

51. Ruzo, A., Marco, S., Garcia, M., Villacampa, P., Ribera, A., Ayuso, E., 
Maggioni, L., Mingozzi, F., Haurigot, V. and Bosch, F. (2012) Correction of 
pathological accumulation of glycosaminoglycans in central nervous system 
and peripheral tissues of MPSIIIA mice through systemic AAV9 gene 
transfer. Hum. Gene. Ther. ,23, 1237-1246. 

52. Capotondo, A., Milazzo, R., Politi, L.S., Quattrini, A., Palini, A., Plati, T., 
Merella, S., Nonis, A., di Serio, C, Montini, E. et al. (2012) Brain 
conditioning is instrumental for successful microglia reconstitution 
following hematopoietic stem cell transplantation. Proc. Natl. Acad. Sci. 
USA, 109, 15018-15023. 

53. Haurigot, V., Marco, S., Ribera, A., Garcia, M., Ruzo, A., Villacampa, P., 
Ayuso, E., Anor, S., Andaluz, A., Pineda, M. et al. (2013) Whole body 
correction of mucopolysaccharidosis IIIA by intracerebrospinal fluid gene 
therapy. J. Clin. Invest., pti: 66778. doi: 10. 1 172/JCI66778. 

54. High, K.A. and Aubourg, P. (201 1) rAAV human trial experience. Methods 
Mol. Biol., S07, 429-457. 

55. Aiuti, A., Biasco, L., Scaramuzza, S., Ferrua, F., Cicalese, M.P., Baricordi, 
C, Dionisio, F., Calabria, A., Giannelli, S., Castiello, M.C. et al. (2013) 
Lentiviral Hematopoietic Stem Cell Gene Therapy in Patients with 
Wiskott-Aldrich Syndrome. Science., 341, 1233151. 

56. Vernersson, E., Khoo, N.K., Henriksson, M.L., Roos, G., Palmer, R.H. and 
Hallberg, B. (2006) Characterization of the expression of the ALK receptor 
tyrosine kinase in mice. Gene Expr. Patterns, 6, 448-461. 

57. Diez-Roux, G., Banfi, S., Sultan, M., Geffers, L., Anand, S., Rozado, D., 
Magen, A., Canidio, E.,Pagani, M., Peluso, I. etal. (201 1) A high-resolution 
anatomical atlas of the transcriptome in the mouse embryo. PLoS Biol., 9, 
el000582. 

58. Mochizuki, Y., Ohashi, R., Kawamura, T., Iwanari, H, Kodama, T., Naito, 
M. and Hamakubo, T. (2012) Phosphatidylinositol 3-phosphatase 
myotubularin-related protein 6 (MTMR6) is regulated by small GTPase 
RablB in the early secretory and autophagic pathways. J. Biol. Chem., 288, 
1009-1021. 

59. Magdaleno, S., Jensen, P., Brumwell, C.L., Seal, A., Lehman, K., Asbury, 
A., Cheung, T., Cornelius, T., Batten, D.M., Eden, C. etal. (2006) BGEM: an 
in situ hybridization database of gene expression in the embryonic and adult 
mouse nervous system. PLoS Biol., 4, e86. 

60. Suzuki, K. ( 1 995) The Twitcher mouse: a model for Krabbe disease and for 
experimental therapies. Brain Pathol., 5, 249-258. 

61. Sakai, N., Inui, K., Tatsumi, N, Fukushima, H, Nishigaki, T., Taniike, M., 
Nishimoto, J., Tsukamoto, H, Yanagihara, I., Ozono, K. et al. (1996) 
Molecular cloning and expression of cDNA for murine galactocerebrosidase 
and mutation analysis of the twitcher mouse, a model of Krabbe's disease. 
J. Neurochem., 66, 1 1 1 8- 1 124. 

62. Hess, B., Saftig, P., Hartmann, D., Coenen, R., Lullmann-Rauch, R., Goebel, 
H.H., Evers, M., von Figura, K, D'Hooge, R., Nagels, G. et al. (1996) 
Phenotype of arylsulfatase A-deficient mice: relationship to human 
metachromatic leukodystrophy. Proc. Natl. Acad. Sci. USA, 93, 
14821-14826. 



3268 Human Molecular Genetics, 2014, Vol. 23, No. 12 



63. Amendola, M., Venneri, M.A., Biffi, A., Vigna, E. andNaldini, L. (2005) 
Coordinate dual-gene transgenesis by lentiviral vectors caiTying synthetic 
bidirectional promoters. Nat. BiotechnoL, 23, 108- 116. 

64. Martino, S., Consiglio, A., Cavalieri, C, Tiribuzi, R., Costanzi, E., Severini, 
G.M., Emiliani, C, Bordignon, C. and Orlacchio, A. (2005) Expression and 
purification of a human, soluble Arylsulfatase A for Metachromatic 
Leukodystrophy enzyme replacement therapy. J. BiotechnoL, 117, 
243-251. 



65. Martino, S., Tiribuzi, R., Tortori, A., Conti, D., Visigalli, I., Lattanzi, A., 
Biffi, A., Gritti, A. and Orlacchio, A. (2009) Specific determination of 
beta-galactocerebrosidase activity via competitive inhibition of 
beta-galactosidase. Clin. Chem., 55, 541-548. 

66. Schmidt, M., Schwarzwaelder, K., Bartholomae, C, Zaoui, K., Ball, C, Pilz, 
I., Braun, S., Glimm, H. and von Kalle, C. (2007) High-resolution 
insertion-site analysis by linear amplification-mediated PCR (LAM-PCR). 
Nat. Methods, 4, 1051-1057. 



